growth and differentiation of all hematopoietic cells and are important mediators of hematopoietic cell function.'" They are produced by three main cell types: monocytes, lymphocytes, and mesenchymal cells. Hematopoietic growth factors are also produced by a number of tumors and may regulate tumor cell growth in much the same way that they regulate hematop~iesis.~,~ In addition, excess cytokine production has been associated with tumor-related leukocytos~s.~. ' This report details studies involving granulocyte-(G), granulocyte-macrophage-(GM), macrophage-(M) colonystimulating factor (CSF), interleukin-1 (IL-l), and interleukin-6 (IL-6). G-, GM-, and M-CSF play a major role in the development of the blood cells for which they are named, although each has effects on other cell types as well.' IL-1 stimulates production and activation of T-lymphocytes and takes part in the acute phase response. It also induces stem cells to respond to other CSFs and has been implicated in the increased production of other cytokines. IL-6 stimulates proliferation of stem cells and immunoglobulin synthesis. ' The genes coding for these cytokines have been cloned and studied in
Cytokines are normally present in the cell in extremely low concentrations. The CSFs generally stimulate cell proliferation at concentrations as low as lo-'' molL and most target cells have only a few hundred CSF receptors.* Maximal cell response to cytokine-mediated stimulation may occur with as few as 10% of the receptors oc~upied.'~ Cytokine messenger (m)RNA can be identified by Northern blotting. Normal, unstimulated cells do not constitutively express detectable levels of cytokine mRNA but may be induced to do so after activation.' Activators such as tumor necrosis factor (TNF), lymphotoxin, IL-1, and interferon can induce fibroblasts, endothelial cells, monocytes, and lymphocytes to produce large amounts of cytokine mRNA. I6 In nonneoplastic tissues, cytokine mRNAs are extremely short-lived with half-lives ranging from less than 20 minutes to 1 h o~r . ' " '~ Cytokine mRNA instability is thought to be mediated at least in part by AU-rich sequences in the 3'-untranslated region of the message. Shaw and Kamen showed that insertion of an AT-rich sequence into the 3'-untranslated region of the normally stable P-globin gene causes a dramatic reduction in message half-life.z0 Similar control fibroblasts but elevated levels persisted far longer in the tumor cells. In normal cells, an AU-rich sequence in the 3' untranslated region of cytokine mRNAs confers lability to the message. Although a p-globin gene expression vector containing this region appears to produce unstable mRNA in lung cancer cells, cytokine mRNAs, which also contain this sequence, are very stable in the tumors we studied. This may indicate that another region of the cytokine mRNA molecule is of greater importance than the AU-rich region in determining mRNA stability in tumor cells.
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results have been found by Brewer and Ross who have explored mRNA stability using an in vitro polysome system into which different RNAs and proteins can be incorporated." Singer recently reported that G-and GM-CSF mRNA levels are regulated posttranscriptionally in SV-40 transformed human marrow stromal cells. When these cells were grown in soft agar, they formed colonies of blast-like cells that, when replated on plastic, constitutively produced cytokines and had high levels of cytokine mRNA. There was increased transcription of IL-1 and IL-6 genes but not of the genes for G-CSF or GM-CSF. The authors concluded that G-and GM-CSF mRNA accumulated by a posttranscriptional mechanism in these cells.zz
Previous work in our laboratory has shown that the half-life of GM-CSF mRNA is influenced by exposure to biologic response modifiers (tumor necrosis factor), regulators of protein kinase C (the phorbol ester TPA, Ca++), modulators of G-proteins (aluminum fluoride), and secosteroids (1,25 dihydroxyvitamin D3).1'.19.Z) Excess cytokine production may influence tumor growth. Some myeloid leukemia cells constitutively produce and respond to GM-CSF in vitro.;"J325 Leukemic cell lines have also been induced to differentiate by exposure to GM-CSF, G-CSF, and IL-6.26 Nonhematologic malignancies are also influenced by hematopoietic cytokines. Small cell lung carcinoma cells produce and respond to growth factors including GM-CSF.27,28 GM-CSF has been shown to stimulate growth of osteogenic sarcoma, breast cancer, and colon cancer cell Cytokines may play a role in the maintenance of tumor cells, and an understanding of growth factor production and regulation in tumors may be important to the biology of cancer. We have studied a variety of tumors in an attempt to determine the mechanism of cytokine mRNA accumulation. Our data show that cytokine mRNA is more stable in tumor cells than in normal tissues. Half-life experiments were performed on cell lines by incubating the cells for 0, 0.5, 1, 2, 4, 8 hours with 5 pg/mL actinomycin D before RNA extraction. The efficacy of actinomycin D was assayed by 'H-uridine uptake into trichloroacetic acid precipitable material and measurement of radioactivity after repeated washing of the precipitate. Exposure of cells to 5 pg/mL actinomycin D inhibited RNA synthesis by greater than 95% (data not shown). Human tumor xenografts were harvested when they reached a size of 1 cm' and teased apart in 01 culture medium with 10% fetal calf serum before exposure to 10 pgimL actinomycin D for the above time intervals. After treatment, they were flash frozen in liquid nitrogen and flown to our laboratory for further analysis. Other specific manipulations of cell lines are detailed in the figure legends.
MATERIALS AND METHODS

Cell
Cytoplasmic RNA was extracted using the well described phenol-chloroform method for all tumor cell lines.38 RNA was extracted from the mouse xenografts using the guanidine isothiocyanateiCsC1 gradient method as previously outlined?' T-lymphocyte RNA was obtained using the hot-phenol extraction method." Following extraction, the RNA was sizefractionated on denaturing 1% agarose gels with 17% formaldehyde (volivol). RNA (20 p,g) was run in each lane at 10 V for 17 hours. RNA was then transferred to nylon membrane filters (ICN, Costa Mesa, CA) by capillary blotting. Blots were exposed to "P-labeled cDNA probes and hybridized at 42°C for 24 to 36 hours in 50% formamide, 2X SSC (1X = 150 mmoliL NaCl, 15 mmol/L NaCitrate), 5X Denhardts, 0.1% SDS, 10% dextran sulfate, and 100 pgimL salmon sperm DNA. After hybridization, filters were Half-life experiments.
RNApreparation and blotting.
washed to a stringency of 0 . 1~ SSC, air dried for 2 hours, and autoradiographed at -70°C for 1 to 10 days using Kodak XAR film (Eastman Kodak, Rochester, NY). Autoradiographs were quantitated by a Hoefer densitometer linked to an IBM PC using the GS-365 software package (Hoefer Scientific Instruments, San Francisco, CA).
Rabbit P-globin gene constructs pBR"""B-GAT" were a generous gift of Dr Gray Shaw. These constructs contain the rabbit @-globin gene with the addition of AT-or GC-rich sequences in the 3"Itranslated region2' The AT-rich addition consists of 62 base pairs of the 3"Itranslated region of the GM-CSF gene. The GC-rich addition is identical except that key A and T residues have been changed to C and G residues. The added sequences are as follows: AT62, GATCAGTAATATTTATTransfection of cells.
ATATTTATATTTTTAAAATATTTATTTATTTATTTAT-
Each plasmid also contains the neomycin resistance gene. These constructs were transfected into Lu-CSF-1 cells by electroporation at 300 V and 960 pF creating a total of six cell lines, three containing the AT construct and three containing the GC construct. Transfected cells were selected by growing them in a media containing the antibiotic G-418. Transfection was confirmed by probing Northern blots for neo expression.
Direct measurements of PKC activity were performed by Dr J.F. Kuo and Mr Robert L. Raynor at Emory University. Cell pellets from 2 X 10' cells per condition of Lu-CSF-1 and WI-38 cells were shipped on dry ice to Dr Kuo's laboratory after treatment with 50 nmoliL TPA for 0, 4, 24 hours. The cells were sonicated in 200 mmol/L TRIS HCl, pH 7.5, 50 mmol/L 2-mercaptoethanol, 2 mmol/L EGTA, 1 mmol/L phenylmethylsulphonyl fluoride. The cytosol fraction (supernate) was separated by spinning at 100,OOOg for 30 minutes. The supernatant (membrane fraction) and cytosol were assayed for PKC using histone H1 as a substrate as described previo~sly.~' Tritiated phorbol-12,13-dibutyrate binding activity in the cytosol was assayed after 30 minutes at 37°C with phosphatidylserine (10 p,g/mL) and CaC1, (1 pmol/L).4' cDNA probes. GM-CSF cDNA probe (EcoRI, 800 bp) from pCSF1," M-CSF cDNA probe (BoI-EcoRI, 2.0 kbp) from pXM? G-CSF cDNA probe (XhoI, 1.8 kbp) from pGCSF2-2, and IL-6 cDNA probe (Bol, 1.2 kbp) from pXM309 were generous gifts of S. Clark (Genetics Institute, Cambridge, MA). Actin probe (EcoRIBamH1, 700 bp) was from pHF A-3'ut:' IL-1 cDNA probe (PstI, 900 bp) was from ~A -2 6 . '~ Neo probe was a 1.1 kb (BamHI, BglII) fragment and @-globin probe was a .495 kb ( B o , BamHI) fragment, both probes were from pBR"eopGAT'GC.Zo Probes were labeled with '2P-dCTP by random priming.44
Protein kinase C (PKC) assay.
RESULTS
Cytokine mRNA production by cultured tumor cells. All tumor cell lines expressed mRNA for IL-6 and at least one other cytokine ( Table 1) . Northern blots of half-life experiments showed that cytokine mRNA half-lives were prolonged fourfold to > 20-fold compared with normal human fibroblasts from fetal lung (Fig 1) . We have previously shown that unstimulated lung fibroblasts produce minute amounts of unstable cytokine mRNA (half-life less than 20 minutes for GM-CSF)."~" To aid in detection of signal, the experiments described here used fibroblasts stimulated for 2 hours with 25 ngimL TNF as a control. TNF stabilizes cytokine mRNA in fibroblasts resulting in more easily detectable levels. Despite this stabilization, fibroblasts pro- duced cytokine mRNA that was much less stable than that produced by tumor cells. Table 2 shows cytokine mRNA half-lives for each of the tumor cell lines tested. It is possible that cytokine mRNA could be stabilized by any process that immortalizes cells. We wished to determine whether retroviral immortalization alters cytokine mRNA half-life. We assayed cytokine mRNA stability in HTLV-I1 immortalized human T lymphocytes (MOT cells). MOT cells constitutively expressed mRNA for GM-CSF and IL-6 but not G-CSF and IL-1. Half-life studies showed that GM-CSF and IL-6 mRNAs were much less stable than in tumor cells (Fig 2, Table 2 ). Half-life of GM-CSF RNA was less than 30 minutes, which was comparable with the half-life of Cytokine mRNA stability in immortalized lymphocytes. For GM-CSF whole tumors as well as tumor cells in culture. We examined stability of cytokine mRNAs in two human tumor xenografts grown in mice. The tumors were derived from patients with tumor-related leukocytosis, and the murine hosts also developed leukocytosis after tumor implantation?' These human tumors produced very stable mRNAs for G-CSF and IL-6, but no mRNA for GM-CSF or IL-1 was detected (Fig 3) . The half-lives of both IL-6 and G-CSF mRNAs were greater than 8 hours for OTUK and greater than 4 hours for LJC-1JCK. These data suggest that subjected to half-life analysis as described for prolongation of cytokine mRNA half-lives is an intrinsic property of the tumor cells that we studied and not an artifact of either cell culture or immortalization.
Previous work in our laboratory has shown that cytokine mRNA can be regulated through the PKC system."." The phorbol ester tetradecanoylphorbol-13 acetate (TPA) is one of the modulators of this system. We showed that exposing human lung fibroblasts to 50 nmol/L TPA caused accumulation of GM-CSF mRNA reaching a maximum at a 4-hour exposure to TPA.I6 .. 
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This accumulation was due, at least in part, to posttranscriptional stabilization of the GM-CSF mRNA. With continued exposure to TPA, GM-CSF mRNA level returned to baseline within 24 hours.I6 Direct measurements of PKC activity in fibroblasts treated with TPA showed that PKC activity was maximal after 4 hours and completely suppressed after 24 hours.I6 We studied the effect of TPA on GM-CSF mRNA in Lu-CSF-1 cells. The cells were exposed to 50 nmol/L TPA for 4 and 24 hours, and RNA was extracted. GM-CSF mRNA levels were compared in treated and untreated cells (Fig 4) . A simultaneous control was carried out with normal human lung fibroblasts (WI-38). GM-CSF mRNA levels were considerably stimulated in both Lu-CSF-1 and WI-38 cells after a 4-hour exposure to TPA. In contrast to the results for WI-38 cells, however, Lu-CSF-1 cells exhibited no decrease in GM-CSF mRNA level after a 24-hour exposure to TPA. This result might indicate that abnormal PKC regulation could lead to constitutive expression of high levels of CSF mRNAs in Lu-CSF-1 cells.
The difference between the results for fibroblasts and lung cancer cells could be explained in three ways: To try to distinguish between these possibilities, direct measurements of PKC activity in Lu-CSF-1 and WI-38 cells were performed. PKC levels were measured after exposure to 50 nmol/L TPA for 4 and 24 hours (Table 3) . Both the absolute magnitude of membrane-associated PKC activity and the proportion of total PKC activity in the membrane fraction were higher in Lu-CSF-1 cells than in control lung TPA (Hrs) GM-CSF Northern blots were hybridized p-A c t i n Overall, exposure to TPA produced similar effects in both fibroblasts and Lu-CSF-1 cells with stimulation of PKC activity after 4 hours followed by downregulation at 24 hours. However, downregulation of PKC activity in the tumor cells was less complete than in the normal cells. The lack of apparent downregulation of GM-CSF mRNA level in Lu-CSF-1 cells may be due to a combination of the greater magnitude of stabilization of the cytokine message in these cells compared with fibroblasts and a lesser downregulation of membrane-associated PKC activity in the Lu-CSF-1 cells compared with WI-38.
Other compounds also alter cytokine mRNA stability in normal cells. (Fig 5) .
The half-life of GM-CSF mRNA was reduced from about 3 hours to less than 30 minutes after the tumor cells were exposed to 1,25(OH),D,. This destabilization is similar to that previously reported in normal lymphocytes?
We next studied the influence of the 3'-untranslated (UT) AU-rich region on stability of cytokine mRNA in tumor cells.
Effect of 1,25(0H), vitamin D3.
Importance of the 3'-untranslated region.
Regions containing multiple repeats of a 4 nucleotide AU-containing sequence (AUUU) in the 3'-UT area of cytokine mRNAs have been associated with short message half-lives in normal cells.20~2'~45~46 These sequences are common in the RNAs of cytokines and some oncogenes. Investigators have postulated that cells may constitutively synthesize a labile RNase specific for mRNAs with this sequence in the 3'-untranslated region.2" Beutler reported that this RNase may cleave between the UA residues at these sites causing loss of the poly A tail and exposing the molecule to rapid mRNA degradation by exonucleases>6 Maker has recently identified a protein that binds to constructs containing this AU-rich sequence although the function of this protein remains ~nknown.'~ Plasmids containing the rabbit P-globin gene in which the native 3'-UT region had been replaced by either the 3'-UT region from GM-CSF (AT-rich sequence) or a control GC-rich sequence (see Materials and Methods) were introduced into Lu-CSF-1 cells by electroporation, and stable transfectants were selected by growing the cells in G-418. Transfection was confirmed by Northern blotting. Figure 6 shows the results of experiments with four transfectants, two that contain the AT-globin construct and two that contain the GC-globin construct. Lu-CSF-1 cells normally do not produce P-globin mRNA (data not shown). Transfection with the GC-containing construct resulted in expression of very stable P-globin mRNA with a half-life of greater than 8 hours (half-life data not shown). Transfection with the AT-containing construct, however, did not yield detectable P-globin mRNA. The presence of the 2) and GC-containing (lanes 3.4) p-globin gene constructs as described in the text. Northern blots were probed with neo and p-globin "P-labeled cDNA probes. Autoradiographs were developed for 24 hours.
GM-CSF
globin transcription unit in the cells was confirmed by detection of neo mRNA on Northern blots. These results were confirmed by repeating the experiment with two more cell lines created by transfecting Lu-CSF-1 cells with the AT-and GC-globin constructs, respectively. Identical results were obtained (data not shown). In addition, the AT-containing construct was stimulated by incubation of the cells with 50 nmol/L TPA for 2 hours, which resulted in a positive P-globin signal on Northern blots (data not shown). The lack of detectable P-globin gene expression from the AT-construct made half-life determination impossible, but suggests that the half-life must be very short, otherwise detectable amounts would be expected. Expression of neo' and GM-CSF mRNAs were nearly equal in all the AT-and GC-transfected cell lines.
DISCUSSION
We examined five tumor cell lines and two xenografts for expression and stability of transcripts coding for hematopoietic cytokines. Each tumor produced at least two cytokine mRNAs. Most remarkably, analysis of RNA stability (halflife studies) showed that the cytokine mRNAs were very stable. Half-lives ranged from 2 to more than 8 hours in the tumor cells whereas normal cells usually have negligible levels of cytokine RNAs and when measurable, these cytokine mRNAs usually have brief half-lives ( <20 minEach of the tumors used in these studies (Lu-CSF-1, MIA Paca, 5637, HS683, SK-Hep-1, OTUK, UC-1JCK) has been shown to produce the cytokines that correspond to the cytokine mRNAs we detected by Northern blotting.6.7.48-S I What we do not know, however, is the efficiency of translation of the stabilized cytokine mRNAs. Kruys et al have shown that the AU-rich sequence is an inhibitor of translation in normal cells.s2 This inhibition can be overcome, however. Beutler has shown that when cells are stimulated by TNF, translation can be increased many f0ld.5~ It is possible that tumor cells may behave as if stimulated and have enhanced translation of stabilized cytokine mRNAs.
Some of the tumor cells (Lu-CSF-1, MIA-Paca, SKHep-1) produced increased amounts of IL-1 mRNA. IL-1 can stabilize other cytokine mRNAs, and if the IL-1 mRNA is efficiently translated, it is possible that increased IL-1 protein may account for some of the enhanced message stability seen in those tumors that produce it?4.56 However, UteS). 16.17.23 For personal use only. on October 3, 2017. by guest www.bloodjournal.org From several of the tumor cells we tested (5637, HS683, OTUK, WC-1JCK) did not produce detectable IL-1 mRNA. Despite the lack of detectable message for IL-l, these cells produced extremely stable mRNA for other cytokines. These cells possibly do produce IL-1 at levels too low to detect by Northern blotting, and this is currently being investigated. Interestingly, all of the tumors that we studied produced IL-6 mRNA. IL-6 has multifactorial stimulatory properties and interacts with, and may regulate the production of, other cytokines. Conceivably, excess IL-6 protein production by tumors may modulate their growth.
Our studies of the regulation of cytokine mRNA stability suggest that regulation via protein kinase C may be different in tumor cells than in normal fibroblasts. TPA directly stimulates PKC bypassing the normal cellular activation mechanisms through diacylglycerol and inositoltrisphosphate. Our data suggest that inhibition of PKC by long-term exposure to TPA is less complete in tumor cells than in normal fibroblasts. PKC may be constitutively activated in Lu-CSF-1 cells, and this might explain the muted down-regulation of PKC by long-term exposure to TPA in the tumor cells compared with the normal fibroblasts.
In contrast, our data on the effect of 1,25(OH),D, indicate that some regulatory mechanisms do function similarly in tumor cells and normal tissues. The destabilization of cytokine mRNA by 1,25(OH),D, is mediated through binding to its intracellular receptor and is via a PKCindependent path~ay.~'
All cytokine mRNAs that we studied, except M-CSF, contain a 3"Itranslated AU-rich region. Investigators have postulated that a short-lived RNase attaches to this site and is responsible for the extreme lability of these ~R N A s . " ,~~ This RNase cuts the molecule between the UA residues leading to loss of the poly-A tail and rapid digestion of the RNA perhaps by other nuclease^.^^ Our data suggest that although the 3'-untranslated AU-rich region appears to mediate cytokine mRNA instability in normal cells, it does not exert the same destabilizing effect in the tumor cells that we studied. Our experiments with Shaw's P-globin gene constructs containing either the ATor GC-rich insertions showed that the AU-rich chimeric transcripts did not accumulate in Lu-CSF-1 tumor cells while the GC-containing transcript did. This observation suggests that the short-lived RNase is functional in these cells. Nevertheless, G-, GM-CSF, IL-1, and IL-6 mRNAs are very stable in these cells suggesting that prolonged cytokine message half-lives in tumor cells are mediated by as yet unknown factors independent of the AU-rich region. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
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